We conduct both atomistic simulations and theoretical modeling to show that there exists a reversible energy conversion between heat and mechanical work in the attachment/detachment of a two-dimensional material on/off a solid surface, indicating that two-dimensional materials adhesion is fundamentally like gas adsorption rather than solid adhesion. We reveal that the underlying mechanism of this intriguing gas-like adhesion is the entropy difference between the freestanding and adhered states of two-dimensional materials. Both the theoretical model and atomistic simulations predict that adhesion induced entropy difference increases with increasing adhesion energy and decreasing equilibrium binding distance. Our finding provides a fundamental understanding of the adhesion of 2D materials, which is important for designing two-dimensional materials based devices and may have general implications for nanoscale efficient energy conversion.
can restore its cylindrical shape [15] . These phenomena imply a more complex picture of 2D materials adhesion that is fundamentally different from bulk solids adhesion.
In this letter, we shown via molecular dynamic simulations that the adhesion of 2D materials to other surfaces is significantly influenced by thermal fluctuations. There in fact exists heat release/absorption in the attachment/detachment of a 2D material onto/from a substrate, indicating that the adhesion of 2D materials is like gas adsorption rather than solid adhesion because such heat changes have usually been observed in gas adsorption but not commonly in adhesion between bulk solids. As a result, the adhesion forces between a 2D material and a surface is linearly dependent on temperature. We also present an analytical model based on phonon analysis to elucidate the underlying physics of this intriguing gas-like adhesion of 2D materials.
To gain some insights into the adhesion mechanisms of 2D materials, we first perform two types of atomistic simulations of adiabatically stamping/peeling of a graphene ribbon on/off the (111) surface of a platinum (Pt) substrate. We use the second generation reactive empirical bond order (REBO) [18] to describe the C-C bond interaction in graphene and Lennard-Jones 12-6 potential to describe the interaction between the graphene layer and the substrate (details can be found in the Supplemental Material). We simulate zerodegree stamping and peeling of a graphene ribbon as illustrated in Fig. 1 . During the simulations, the graphene ribbon is moved onto or away from the substrate by a constant velocity imposed on the two edges. The Pt substrate is set to be rigid and the temperature change in the graphene layer induced by heat release and extraction is carefully monitored. 
Zero-degree peeling Figures 1(a) and 1(b) show the temperature changes of the graphene ribbon during the stamping and peeling processes, respectively, which take place for 2.85 ns out of a total simulation time of 4.5 ns in both cases. Significant temperature variations show thermodynamic tendencies for heat release during stamping and heat absorption during peeling. To further confirm the heat release/absorption is inherent in the attachment/detachment of the graphene, we simulate the peeling of a graphene ribbon at ninety degrees from a Pt substrate, where a temperature change with same quantity is observed (see Supplemental Material for details). Note that because no other energy form besides mechanical energy is involved here, the heat release in the stamping process is converted from mechanical work, and the heat absorption in a peeling process is converted to mechanical work. The magnitude of the temperature changes in the two cases are quite close, indicating the energy conversions in stamping processes and peeling processes are actually thermodynamically reversible from one state to the other. It also indicates a small friction between graphene ribbon and the Pt substrate, which is consistent with the previous studies on graphene friction [19, 20] . The frictionless sliding also explains why the temperature is nearly a constant during the graphene is being totally adhered and sliding on the substrate (the first 0.9 ns in the Fig. 1a and the last 0.9 ns in Fig. 1b) where the friction induced dissipation should reach a maximum due to the maximum contacting area [21] .
Although physical adhesion between bulk solid materials may induce heat release in attachment process due to friction, it is impossible to give rise to heat adsorption in detachment. In contrast, gas adsorption on solid surface can release heat and gas desorption form solid surface can absorb heat [22] . In this respect, 2D materials adhesion is indeed gas-like. The similarity of materials nature between gas and 2D materials seems to be responsible for their common thermodynamic adhesion behavior. When gas molecules are adhered on a surface, they form a 2D film that closely conforms to the surface, while 2D materials also can closely conform to a surface due to their extremely flexible membrane structure [23, 24] . As a results of the extremely flexible membrane structures, thermal fluctuations are significant in both the 2D materials and the adsorbed, which lead to a fundamental difference in their adhesion behaviors from a bulk solid.
The underlying physics of gas-like adhesion of 2D materials is that the entropy of a free standing 2D
layer is larger than that of an adhered one. The mechanism can be attributed to a drop in configurational entropy as the substrate confines the out-of-plane fluctuations of an adhered 2D material layer and reduces its degrees of freedom. Therefore a free standing 2D material layer has a reduced entropy compared to an adhered one. In fact, the entropy change due to external confinement has been extensively studied in many phenomena [25] [26] [27] . To confirm the entropy change due to adhesion, we calculated the stamping and peeling of graphene and h-BN under isothermal conditions, following the universal approach used to describe gas adsorptions [22] .
The Berendsen thermostat is used to keep the 2D materials at constant temperatures during the attachment and detachment, and the heat exchange between the thermostat and the 2D materials is carefully monitored. Our results show that the heat is released during attachment and absorbed during detachment under isothermal conditions, indicating an entropy reduction in attachment and an entropy increment in detachment. The heat release or absorption induced by the adhesion caused configurational entropy change S  in a reversible process under isothermal conditions can be theoretically expressed as E T S     , T being the temperature.
This linear dependence is confirmed by our MD simulations, as shown in Fig. 2a (where we use heat change to represent both heat release and heat absorption because their values are almost the same).
The entropy changes could also generate a phenomenologically entropic force. Thus the adhesion force between a 2D layer and a substrate consists of two parts,
where the first term vdw In recent years, a number of experimental approaches were developed to determine the adhesion energy of 2D materials on various substrates [29] [30] [31] . These approaches are usually based on the force balance between an external loading force and the adhesion force between a 2D layer and a substrate [32] . Typically, at a zero-degree peeling test [30] , the critical peeling force, which is equal to the shear force at balance, is measured and used to estimate the adhesion energy. However, as we have shown, the adhesion force consists of not only a conservative van der Waals force but also a entropic force, which would result in a fundamental difference between those experimental measurements and the theoretical predictions Evdw [7, 8] derived statically between a 2D layer and a substrate at an equilibrium distance. The ratio of the adhesion force Fentr to the van der Waals force Fvdw is solely dependent on temperature, and independent of the path variable x, indicating this difference is a constant at a given temperature and increases linearly with temperature. In our simulations, at room temperature, this difference is found to be about 3% for the adhesion of graphene on Pt substrate, and 7% for the adhesion between two graphene layers.
Now we intend to elucidate how adhesion causes an entropy change in 2D materials. We analyze the adhesion induced entropy change based on the analysis of normal modes, each of which representing a harmonic mode of vibration of all atoms in a 2D material at a certain frequency. The adhesion is described by a potential well perpendicular to the surface. Under this confining potential, it can be shown that the frequencies of the out-of-plane normal modes are shifted to higher values [28] 
where m is the atomic mass of the 2D material and  the curvature of the confining potential. A quantum statistical analysis of the normal modes indicates that the increase in frequency results in a decrease in system entropy, as a result of reduced number of microstates (see Supplemental Material for details). Finally, we find that the adhesion induced entropy change of a 2D material can be expressed as
where kB is Boltzmann's constant,  is a constant related to the bending stiffness of the 2D material. Curvature (nN/nm)
. The fitted value of  for graphene is about 25% larger than that for h-BN (Fig. 3) , and the bending stiffness of graphene calculated directly from MD too is 25% larger than that of h-BN. Equation (3) also suggests that the gas-like heat release or extraction is vanishingly small in adhesion between bulk materials for which the bending stiffness can be considered infinitely large.
The gas-like adhesion also may raise fundamental issues in many applications of 2D materials. For instance, it has been proposed that using adhesion force as a retracting force could lead to ultrahigh frequency for the oscillator composed of a graphene layer and a substrate [20] . Since the adhesion force is temperature dependent, the frequency of such an oscillator is thus dependent on system temperature. On the other hand, the gas-like adhesion paves a way for developing nanoscale actuators that could convert thermal energy into motions. Designing such devices is yet a challenge due to the absence of an efficient energy conversion mechanism at nanoscale. The energy conversion through 2D material adhesion may overcome this challenge because of its nearly reversible process. In fact, a phenomenon related to this type of energy conversion has already been observed in carbon nanotubes, first in atomistic simulations [15] and then in experiments [33] , where the energy conversion is based on a change of the cross-section of the carbon nanotube between its usual circular configuration and a collapsed flat configuration (in which the shell is partially adhered together).
It is found that the circular-to-flat collapse and the flat-to-circular restoration are both temperature dependent.
While it has been speculated that this phenomenon is governed by changes in system entropy, our present study on the 2D material adhesion provides a clear theoretical foundation to understand such phenomena.
In summary, we demonstrate that adhesion between a 2D material and a substrate is not a typical solidsolid mechanical adhesion but rather a gas-like adhesion. Through attaching/detaching a 2D material onto/from a solid surface, one can convert energy between thermal and mechanical forms. The underlying physics is that the adhesion generate a confinement on 2D materials and cause a drop in their configurational entropy. Because the 2D materials are usually used on substrates, the revealing of their gas-like adhesion provides a more solid foundation for future device integrations. 
Gas-like adhesion of two-dimensional materials onto solid surfaces:

Supplmental materials
Molecular dynamic simulation package and interaction potentials
The molecular dynamics (MD) simulations were performed based on the Large-scale Atomic/Molecular Massively Parallel Simulator code (LAMMPS) [1] and the Verlet algorithm with a time step of 1 fs . The second generation reactive empirical bond order (REBO) [2] was used to describe the C-C bond in graphene, and the Tersoff potential [3] to describe the B-N bond in h-BN. These potentials are being widely used to investigate the mechanical and thermal properties of 2D materials. A Lennard-Jones (LJ) 12-6 potential with cutoff distance of 1 nm was used to describe the graphene/substrate and h-BN/substrate interactions [4] . The values of LJ parameters  and , obtained from fitting with DFT calculations [4] [5] [6] , are listed in Table 1 . Note that, although the interactions between graphene and some metal substrates may involve hybridizations [5] , it has been shown that the LJ potential can capture the adhesive energy as a function of the inter-surface distance quite accurately. In addition, there are two types of atoms in the h-BN layer, with uncertain parameter values for the LJ potential. In current simulations, the same parameters were used for both types of atoms in h-BN. This approximation may have some quantitative effects on the simulation results, but should not change our main conclusions.
Attachment and detachment of the graphene ribbon on/off a substrate
The size of the Pt substrate used in the first two simulations is 41 nm (length) × 9.7 nm (width) × 4 nm (height), while the size of graphene ribbon is 28.5 nm (length) × 9.7 nm (width). Periodical boundary condition is applied in the width direction. We first performed the simulation of peeling the graphene ribbon from the Pt substrate (FIG. 1c) , and took its final configuration as the initial configuration to perform the stamping simulation (FIG. 1b) .
In the first simulation (FIG. 1c) , a graphene ribbon is initially placed on the (111) surface of the Pt substrate with its edge at 0.95 nm from the left sidewall of the substrate. Before we perform the simulations using an NVE ensemble, we first relax the graphene for 200 ps at 300K using an NPT ensemble to remove any possible pressure in the width direction. Because the relaxation is performed only for graphene ribbon, the substrate may be slightly stretched or compressed in the width direction. The temperature of graphene at time t is obtained by averaging the instantaneous temperatures through a small time period of 0.9 ps around the time t.
To rule out the possibility that the temperature change relies on the path by which the graphene Table 1 . Parameters for the 12-6 Lennard-Jones potential. The parameters were fitted from DFT calculations for Metal/C interaction [3] and Metal/BN [4] . The C a /C is for graphene/graphene interaction, and C b /C for graphene/diamond interaction [5] , and  is the curvature at the bottom well of the LJ potential. ribbon is peeled off the substrate, we conduct another peeling simulation in which the graphene ribbon is peeled from the Pt substrate at 90 degree angle with a constant velocity of 10 nm/ns (FIG. S1a) . The temperature change during the peeling process is shown in FIG. S1b.
Statistics of the peeling force and adhesion heat (entropy)
We calculated the peeling force and the adhesion heat in the same way described in section S-1, except that an NVT ensemble is used to keep the system at constant temperatures. In our simulations, all atoms in the substrates were fixed to eliminate fluctuations of the calculated results. To assure this setting has no significant influence on our conclusion, we performed simulations of a graphene ribbon supported by a Pt substrate with its atoms freely vibrated. In this case, we found that the adhesive heat is difficult to be measured because of the relatively very large fluctuations due to the large amount of the substrate atoms. Fortunately, the peeling force on the graphene ribbon can still be calculated as shown in FIG. S3 . However, the entropic part of the peeling force in this case is about 50% larger than that on the rigid substrate. This may be attributed to two possible mechanisms. First, the thermal vibration of substrate can induce fluctuations of the out-of-plane motion of 2D layers, which may increase the adhesion entropy. Second, the quasi-2D structure of the substrate experiences significant out -of-plane thermal vibrations, which could enhance the adhesion caused entropy too. Moreover, the substrate is stacked up by layers of atoms arranged in (111) planes. Although they are chemically bonded together, their out-ofplane vibration still exist, especially for the top surface layer. However, a theoretical estimate of the contribution of these mechanisms is difficult and material-dependent, thus the present study focus only on the adhesion entropy contributed by the 2D layers. 
Unrealistic simulations
The unrealistic simulations are performed on a rigid substrate have the same crystalline structure as Pt, with the artificial potential parameters for layer/substrate interaction: a constant equilibrium distance of 0.33 nm and a varying well-depth from 1 meV to 50 meV, for yielding different curvature .
Derivation on the adhesion induced entropy reduction
Here we consider the simplest situation of a 2D crystal with N lattices, and each lattice cell contains only one atom with mass m. The expression of per atom entropy of this system can be given by 
